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Abstract 
Combustion synthesis is an attractive method for the processing of catalysts due to the production of ultrafine metal 
powders.  Binary nickel metals were prepared via this method, using 75% in excess of glycine.  Analysis on 
temperature programmed reduction was carried out. The effect of binary metals on nickel, Ni0.15X0.85 (X = Ce, Fe, Al, 
Zr) was investigated on the hydrogen production for steam reforming of methane. The performance of the catalysts 
was evaluated based on methane conversion and hydrogen yield.  Ni0.15Al0.85 showed the highest catalytic activity.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
Hydrogen can be obtained from steam reforming of methane (SRM) as shown in Eq. 1. 
Currently, 80-85% of hydrogen supplied is produced by SRM method due to the abundance of methane 
[1, 2]. This method is strongly endothermic requiring water to be heated up to the reaction temperature of 
approximately 800 oC [3, 4], and hence it makes the process energy-intensive [1,5]. Despite the high 
energy required for start-up of SRM reaction, SRM is widely preferred for hydrogen production due to 
the high yield of hydrogen produced. Nickel had been widely used among researchers worldwide, as a 
main substitute for palladium. This work is focused on developing nickel-based catalysts using different 
trivalent metal oxides prepared from solution combustion synthesis.  
CH4 + 2H2O ļ CO2 + 4H2 (¨  = +165 kJ/mol)                                                                   (1) 
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2. Experimental works 
2.1 Synthesis of catalysts 
Metal nitrates and glycine were separately dissolved in minimum amount of deionized water. Glycine 
solution was then added drop-wise into the metal nitrate solution to form a well-homogenized solution. 
The nitrate-glycine solution was stirred and heated at 100 oC for 1 hour.  The highly viscous liquid was 
then transferred to a furnace pre-heated at 400 oC for self-combustion.  The precursor swelled and then 
auto-ignited, with rapid production of gases producing voluminous and fluffy powder.  The powder was 
then collected and calcined at 800 oC for 10 hours in a furnace under air flow at a ramping rate of 10 
oC/min. 
2.2 Characterization 
The reducibility of sample was studied by Temperature programmed reduction (TPR) by hydrogen, 
carried out on Micromeritics Autochem 2920 with TCD detector at a ramping rate of 10 oC/min from 
room temperature to 1000 oC, using a gas mixture of 10% H2/Ar.  
2.3 Activity test 
SRM was conducted under atmospheric condition in a stainless steel tubular reactor (I.D. 5mm).  Prior to 
each catalytic reaction, 100 mg of catalyst was reduced under hydrogen gas mixture at 10 cm3/min for 2 
hours.  Water was pumped by a micro pump into a vaporizer set at 150 oC before being fed into the 
reactor. The feed gas and steam (H2O/CH4 = 4) were introduced at a total flow rate of 100 cm3/min, 
which corresponds to the GHSV of 60.0 L. hr-1g-1cat.  The reactions were carried at 450 – 850 oC. The 
reaction products were measure using an off-line gas chromatography on Agilent Technologies 7890A.   
3. Results and discussion 
3.1 Characterization 
Figure 1 shows the TPR profiles for all the catalysts. The highest temperature for the maxima reduction 
peak was observed at c.a. 830 oC for Ni0.15Al0.85. Since alumina oxide cannot be oxidized, the peak is 
attributed to the reduction of nickel oxide within the Ni0.15Al0.85 catalyst. This highest temperature 
required for reduction as compared to other catalysts implies the strongest interaction formed between 
nickel oxide and alumina oxide.
Fig. 1. Temperature programmed reduction 
[Ni0.15Fe0.85(a), Ni0.15Zr0.85(b), Ni0.15Ce0.85(c), Ni0.15Al0.85(d)] 
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3.2 Activity Test  
The observed methane conversion and hydrogen yield are listed in Table 1.  SRM is a highly endothermic 
reaction; therefore the increase in the reaction temperature would benefit the thermodynamic equilibrium 
of the reaction system.  As shown in Figure 2, CH4 conversion generally increases with the increase in 
reaction temperature except for the case of Ni0.15Fe0.85. The negligible activity of Ni0.15Fe0.85 could be due 
to its lowest surface area (1.3 m2/g) among all catalysts. The hydrogen yield of Ni0.15Al0.85 is as high as 3 
at 750 oC which is the highest among the three active catalysts. The high surface area of Ni0.15Al0.85
achieved after calcination could be one of the factors that enhance its activity. Besides, the strong 
interaction formed between nickel oxide and alumina oxide as concluded from TPR could play a crucial 
role in the surface reaction mechanism. The resulting synergism between nickel and alumina oxide 
obtained after hydrogen reduction could facilitate the production of hydrogen molecules.  
Table 1. Results of activity test 
Temperature Catalyst Conversion of methane Hydrogen yield 
450 Ni0.15Al0.85 13.3 0.3 
Ni0.15Fe0.85 0.03 0.2 
Ni0.15Ce0.85 9.0 0.3 
Ni0.15Zr0.85 12.3 0.1 
550 Ni0.15Al0.85 43.3 1.6 
Ni0.15Fe0.85 0.03 0.1 
Ni0.15Ce0.85 38.1 1.5 
Ni0.15Zr0.85 42.9 1.7 
650 Ni0.15Al0.85 72.9 2.6 
Ni0.15Fe0.85 0.03 0.2 
Ni0.15Ce0.85 67.3 2.1 
Ni0.15Zr0.85 66.8 2.2 
750 Ni0.15Al0.85 94.7 3.0 
Ni0.15Fe0.85 0.06 0.2 
Ni0.15Ce0.85 91.6 2.5 
Ni0.15Zr0.85 86.5 2.6 
850 Ni0.15Al0.85 97.8 2.9 
Ni0.15Fe0.85 0.10 0.2 
Ni0.15Ce0.85 98.5 2.6 
Ni0.15Zr0.85 89.3 2.5 
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Fig. 2. Effect of reaction temperature on conversion of methane 
[Ni0.15Zr0.85(Ɣ), Ni0.15Ce0.85(Ŷ), Ni0.15Al0.85(Ƈ), Ni0.15Fe0.85(Ÿ)] 
4. Conclusion  
Ni0.15Al0.85, Ni0.15Zr0.85, Ni0.15Ce0.85 and Ni0.15Fe0.85 were synthesized by solution-combustion method and 
tested for steam reforming of methanol. Ni0.15Al0.85 exhibited the best performance in terms of both 
methanol conversion and hydrogen yield. This could be due to its high surface area and strong interaction 
formed between the nickel active site and alumina oxide support.  
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